In Exp. 1, 40 ewes were used in a 2 \m=x\2 factorial design to investigate the effects of intrauterine versus cervical insemination and superovulation using pig FSH or PMSG and GnRH on egg recovery and fertilization rate. Cervical inseminations were carried out at 48 and 60 h (N = 20 ewes) and intrauterine insemination at 52 h (N = 20 ewes) after progestagen pessary withdrawal. Eggs were recovered on Day 3 of the oestrous cycle. Ovulation, egg recovery and fertilization rates were independent of the type of superovulatory hormone used. Fertilization rate was high irrespective of insemination site but intrauterine insemination at 52 h was associated with a significant (P < 0\m=.\01) decrease in egg recovery of over 40% compared with cervically inseminated ewes. did not alleviate the detrimental effects of the 48-h insemination time on egg recovery.
In Exp. 2 ewes were inseminated at 36 (N = 5), 48 (N = 6) or 60 (N = 6) h after pessary withdrawal to determine the optimum intrauterine insemination time to maximize both fertilization rate and egg recovery. Egg recovery per ewe flushed was 23, 59 and 67% after intrauterine insemination at 36, 48 and 60 h respectively. Correspondingly, 0, 85 and 100% of the eggs recovered were fertilized. The results of Exps 1 and 2 suggest that when intrauterine insemination occurs before or during ovulation it interferes with oocyte collection by the fimbria.
In Exp. 3 egg recovery and fertilization rates were determined after cervical insemination at 48 and 60 h (N = 8) or intrauterine insemination at 48 (N = 9) or 60 (N = 8) h after progestagen withdrawal. Ewes in the last two groups were subdivided and inseminated unilaterally or bilaterally. Egg recovery was high after cervical insemination (95%) but only 36% of these eggs were fertilized. Unilateral intrauterine insemination was as effective as bilateral in ensuring high fertilization rates (100 versus 97%). Intrauterine insemination at 48 h compared with 60 h resulted in a significantly lower (P < 0\m=.\05)percentage of eggs recovered (42 versus 90% respectively). However, reducing the degree of interference by adopting unilateral rather than bilateral insemination Introduction Partial or complete failure of fertilization following natural mating or cervical insemination is a major problem in superovulated ewes submitted for embryo transfer (Willadsen, 1979) . Viewing the uterus by laparoscopy allows semen to be deposited into the lumen of each uterine horn and eliminates fertilization failure. There is evidence, however, that laparoscopie intrauterine insemi¬ nation, while ensuring high fertility, is accompanied by a reduction of around 15% in ovum recov¬ ery in non-superovulated (McKelvey et al, 1985) and superovulated ewes . Indeed, our own experience (J. J. Robinson, J. M. Wallace, R. P. Aitken & P. Mitchell, unpublished observations) using the technique to inseminate superovulated ewes, although devoid of proper conventionally-inseminated controls, resulted in an unacceptably low embryo recovery rate (mean + s.e.m., 55-0 + 4-43%; = 58 ewes), with over 36% of ewes having embryo recovery rates of less than 50%. Such low recoveries seriously reduce the genetic improvement attribute of multiple ovulation and embryo transfer programmes.
We now report the results of three experiments to test the hypotheses that the timing of intra¬ uterine insemination and the degree of interference at insemination (one or both uterine horns inseminated) may influence fertilization and embryo recovery rates in superovulated ewes.
Materials and Methods
In all three experiments ewes were individually penned under natural lighting conditions at the Rowett Research Institute (57°N 2°W) and were offered 1-4 kg per day of a diet supplying 9 MJ of metabolizable energy/kg.
Experimental design
Experiment 1. Border Leicester Scottish Blackface (Greyface) ewes were allocated during the breeding season in January 1988 to one of 4 treatment groups (10 ewes per group) so that weights were equivalent between treatment groups before the start of the study (mean ± s.e.m.: 68-5 ± 10 kg). These 4 groups were used, in a 2 2 factorial design, to investigate the effects of intrauterine versus cervical insemination and superovulation using FSH versus PMSG and gonadotrophin-releasing hormone (GnRH) on egg recovery and fertilization rate. For all ewes synchroni¬ zation of oestrus was achieved by withdrawing progestagen-impregnated vaginal pessaries (Chronogest, Intervet Laboratories PLC, Cambridge, UK) 12 days after their insertion. Twenty (20) of the ewes each received an intra¬ muscular injection of 1500 i.u. PMSG 28 h before sponge withdrawal and a further injection of GnRH (0008 mg buserelin; Receptal: Hoechst, Willington Medicals Ltd, Aberdeen, UK) at the following times; 20 h after pessary withdrawal for those ewes showing behavioural oestrus at or before this time, at oestrus onset for those exhibiting oestrus between 20 and 30 h following pessary withdrawal, and not later than 30 h for those failing to exhibit oestrus by this time. The remaining 20 ewes were treated with pig FSH (Sigma Chemical Co., Poole, Dorset, UK) adminis¬ tered as 4 i.m. injections of 6, 5, 3 and 2 mg FSH, 12 h apart commencing 24 h before pessary removal. Onset of oestrus was assessed in all ewes in this and subsequent experiments by using a vasectomized ram at 4-h intervals between 20 and 48 h after pessary withdrawal.
Cervical inseminations were carried out at 48 and 60 h after pessary removal while intrauterine insemination, which took longer to effect, was carried out at 51-7 ± 0-3 h.
At laparotomy on Day 3 of the oestrous cycle (Day 0 = insemination) the numbers of corpora lutea were counted and the eggs recovered by the standard technique of retrograde flushing of each oviduct (Hunter et al, 1955) . Eggs were assessed by examination under a stereomicroscope and development beyond the 8-cell stage was taken as evidence of fertilization. Experiment 2. Ewes (12 Border Leicester Scottish Blackface and 9 Scottish Blackface) were studied at the end of the breeding season in February 1988 and were allocated to 1 of 3 treatment groups (7 ewes per group) on the basis of breed and weight (mean ± s.e.m.; 66-9 ± 1 -59 kg). All ewes were synchronized and superovulated using PMSG and GnRH as described for Exp. 1. Thereafter laparoscopie intrauterine inseminations were carried out at 36, 48 or 60 h after progestagen pessary withdrawal. Ovulation, ovum recovery and fertilization rates were determined on Day 3 after insemination as described for Exp. 1. Experiment 3. Twenty-five (25) Finnish Landrace Dorset Horn ewes were studied during seasonal anoestrus in late May 1988. Ewes were randomized by weight into 3 treatment groups (mean ± s.e.m.; 57-5 ±217 kg) and syn¬ chronized and superovulated using progestagen pessaries and pig FSH exactly as described for Exp. 1. Ewes were either inseminated cervically at 48 and 60 h after progestagen withdrawal (N = 8 ewes) or directly into the uterine lumen at 48 h ( = 9 ewes) or 60 h ( = 8 ewes) after progestagen withdrawal. The last two groups were each further sub-divided so that semen was deposited in the right uterine horn only (unilaterally) or in both uterine horns (bilater¬ ally). Ovulation, ovum recovery and fertilization rates were determined on Day 3 following insemination as described for Exp. 1.
Semen collection and processing
Semen was collected by artificial vagina from a number of rams and pooled. Cervical insemination was carried out within 5 min of semen collection using approximately 0-25 ml fresh undiluted semen (>600 IO6 spermatoza per insemination).
For intrauterine insemination the semen was diluted in the ratio of 1 part semen:5 parts phosphate-buffered saline (pH 7-2) and held at 30°C for up to 1 h during insemination. Approximately 0-2 ml of the diluted semen (80 IO6 spermatozoa) was used per uterine horn. Intrauterine insemination was performed under laparoscopie visualization of the uterine horns as described previously (McKelvey et al, 1985) with the following modifications. Local anaes¬ thesia, induced by infiltration of the abdominal wall at the trochar entry sites (10 ml Lignovet-plus, C-Vet Ltd, Bury St Edmunds, UK), replaced the general anaesthesia used by McKelvey et al (1985) and the semen was injected into the lumen of the uterine horn with a glass pipette (external diameter 4 mm) drawn to a fine point.
Blood sampling
In Exp. 1 blood samples were taken from half the ewes (N = 5) in each of the 4 treatment groups to assess the pattern of LH secretion during the periovulatory period. Samples were withdrawn at 4-h intervals from -24 to + 12 h after progestagen pessary withdrawal and at 2-h intervals from + 14 to + 72 h. In Exp. 2 all 21 ewes were sampled as detailed for Exp. 1 and in Exp. 3 all ewes were sampled at 4-h intervals from -24 to +72 h after pessary withdrawal.
After insemination the ewes in all 3 experiments were sampled daily until Day 20 following insemination and the plasma was assayed for progesterone.
Hormone assays LH concentrations were measured in duplicate by a specific double-antibody radioimmunoassay exactly as de¬ scribed by McNeilly el al (1986) . The sensitivity of the assay was 005 ng LH (NIADDK-oLH-25)/ml and the intraand interassay coefficients of variation were 4-7 and 6-9%, respectively. Progesterone concentrations were measured in 100 µ samples of plasma by radioimmunoassay as described by Djahanbahkch el al. (1981) . The intra-assay coefficient of variation was 12-9%, the detection limit was 0-3 ng/ml and the recovery of progesterone from plasma was 62-5 ± 1-0% (s.e.m., = 1500).
Statistics
Standard 2 tests and analyses of variance were used as appropriate.
Results

Ovulation, ovum recovery and fertilization rates
For these measures there were no significant differences between left and right ovaries or uterine horns. Data are therefore calculated, statistically analysed and presented on a per ewe basis. Experiment 1. Of the 40 ewes initially synchronized to ovulate, 2 failed to exhibit behavioural oestrus or ovulate and were excluded from further study. Mean intervals from pessary withdrawal to onset of oestrus were shorter (P < 005) in PMSG-treated (22-1 + 0-76 h, = 20) than in FSHtreated (24-8 + 0-69 h, = 18) ewes. Data for ovulation, ovum recovery and fertilization rates are presented in Table 1 . The response to superovulation was high (overall mean + s.e.m.: 10-4 ± 0-81 corpora lutea) and there were no significant differences in ovulation rate between ewes given FSH as opposed to PMSG, or between cervical and intrauterine insemination sites. The different superovulatory hormone regimens did not influence the percentage of eggs recovered. Ovum recovery from both groups of cervically-inseminated ewes was significantly higher (P < 001) than from ewes inseminated directly into the uterine lumen. Of the 199 ova shed in the cervically-inseminated groups, 180 (90-4%) were recovered compared with 97 out of 197 (49-2%) in the intrauterine groups.
All 38 uterine horns were flushed for egg recovery in the 19 ewes from the cervicallyinseminated groups. Of these, 36 yielded eggs, with 100% fertilization in 24, partial fertilization in 9 and zero fertilization in 3 horns. In comparison, for the 19 intrauterine-inseminated ewes, 36 uterine horns were flushed: 26 of these yielded eggs and in 25 cases fertilization was 100%. The
single horn yielding unfertilized eggs was recorded as 'being difficult to gain entry to' at the time of insemination. Experiment 2. Of the original 21 ewes, 17 exhibited oestrous behaviour and ovulated. As shown in Table 2 , ovulation rate was variable (1-36 corpora lutea) and despite the major difference between the mean value for ewes inseminated at 36 as opposed to 48 or 60 h it was not statistically significant. Of the 5 ewes flushed following intrauterine insemination at 36 h after progestagen withdrawal (10 horns), only 2 yielded ova (4 horns), all of which were unfertilized. One of these ewes had 36 corpora lutea and all were represented by recovered eggs. For the 5 ewes the total number of corpora lutea was 80 with 38 eggs recovered (47-5%). Egg recovery for the 6 ewes inseminated at 48 h involved the flushing of 10 horns, 8 of which produced eggs and for these 100% fertilization occurred in 6 horns and partial fertilization in 2. Overall, 16 eggs were recovered from 31 eggs shed (51-6%). Of the 6 ewes inseminated at 60 h, 26 eggs were recovered from 8 of the 9 horns flushed and all were fertilized. These represented 78-8% of the total number of corpora lutea. Experiment 3. All 25 treated ewes exhibited oestrous behaviour and ovulated. There were no significant differences in the time of onset of oestrus between groups (Table 4 ) with an overall mean ± s.e.m. of 24-3 + 0-32 h. Data for ovulation, ovum recovery and fertilization rate are pre¬ sented in Table 3 . The response to superovulation using pig FSH was high (overall mean ± s.e.m.: 16-2 ± 0-91 corpora lutea) but variable (range 3-40). For this reason, and in keeping with data presentation in Exps 1 and 2, egg recovery and fertilization rates were expressed not only as overall means for each treatment but also as mean values calculated on a 'per ewe-flushed' basis. Within both groups inseminated directly into the uterine lumen, at 48 or 60 h after pessary withdrawal, ovum recovery from individual horns was not significantly different for ewes inseminated unilater¬ ally in the right horn only compared with those inseminated bilaterally. In presenting the results the data for uni-and bilateral insemination are therefore combined. Ovum recovery was significantly lower (P < 001) following intrauterine insemination at 48 compared with 60h after progestagen withdrawal; 70 of 167 eggs (41-9%) and 123 of 137 eggs (89-8%) respectively. Ovum recovery following intrauterine insemination at 60 h compared favourably with cervical insemination; 97 of 102 (95-1%) eggs were recovered.
Fertilization rate was high in all groups inseminated directly into the uterine lumen irrespective of time of insemination or whether ewes were inseminated unilaterally or bilaterally. Of 8 ewes inseminated in the right horn only, 15 of the 16 horns yielded eggs and all eggs were fertilized. Of the 9 ewes inseminated bilaterally 17 of the 18 horns yielded eggs with 100% fertilization in 14 of the horns, partial fertilization in 2 horns and complete failure of fertilization in only 1 horn. In contrast, fertilization rate following cervical insemination was low. Of 15 horns flushed, 14 yielded eggs with 100% fertilization in only 2 horns, partial fertilization in 5 horns and complete failure of fertilization in 7 horns.
LH surge to insemination interval
Data for the onset of oestrus, preovulatory LH surge and LH surge to insemination interval for Exps 1, 2 and 3 are summarized in Table 4 .
Due to the single fixed-timed intrauterine insemination used in Exp. 1 there was only a small spread in the LH surge to insemination interval and no significant correlation between this interval and egg recovery. In Exp. 2 the close synchrony in the timing of the preovulatory LH surges coupled with the range in intrauterine insemination times (36-60 h after progestagen withdrawal) ensured that the planned treatment differences in the intervals between the timing of the LH surge and insemination were achieved. In this experiment the proportion of ova recovered increased as the LH surge to insemination interval was extended but the increase just failed to reach statistical significance (r = 0-421, = 17, > 005). In Exp. 3 the timing of the LH surges was again similar between treatment groups; ewes that were intrauterine inseminated at 48 h after progestagen withdrawal had a significantly shorter (P < 005) LH surge to insemination interval than did ewes inseminated at 60 h. For this experiment overall egg recovery was highly correlated with the inter¬ val between the LH surge and intrauterine insemination (r = 0-671, = 17, < 001).
An overall picture of the relationships for all 3 experiments between the LH surge to intra¬ uterine insemination interval and the proportion of eggs recovered and fertilized is given in Fig. 1 Corpus luteum function Corpus luteum function was assessed in all 3 studies by measuring the peripheral progesterone concentrations in daily blood samples withdrawn from Day 1 to 20 following oestrus.
In Exp. 1 analysis of samples from half the ewes in each of the 4 treatment groups revealed that luteal function was normal in 19 of the 20 ewes. Only one ewe, superovulated using FSH, showed premature luteal regression at Day 12 of the cycle. Progesterone concentrations were elevated above 1-5 ng/ml by Day 3 of the cycle and remained high until at least Day 14. Mean progesterone concentrations assessed from Day 3 to 14 of the cycle were highly correlated with ovulation rate (r = 0-582, = 20, < 001) but not embryo recovery or fertilization rate. Mean progesterone concentrations (±s.e.m.) were 7-2 + 0-86 ng/ml and 10-6 ± 1-99 ng/ml for FSH-and PMSGtreated ewes respectively but were not significantly different.
In Exp. 2 normal luteal function was observed in 16 of the 17 ewes studied, with premature luteal regression occurring on Day 7 of the cycle in one of the ewes inseminated at 60 h after progestagen withdrawal. Mean progesterone concentrations assessed from Day 3 to 14 of the cycle were again highly correlated with ovulation rate (r = 0-742, = 16, < 0001) but not with embryo recovery or fertilization rates.
All ewes studied in Exp. 3 exhibited normal luteal function and mean progesterone concen¬ trations from Day 3 to 14 of the cycle were correlated with ovulation rate (r = 0-722, = 25, < 0001), but not with embryo recovery or fertilization rates.
Discussion
The present results demonstrate that the major benefits of laparoscopie intrauterine insemination in superovulated ewes, namely high fertilization rates and therefore by implication high yield of embryos, are very dependent on the time of insemination in that timing influenced both fertilization and egg recovery rates. In Exp. 1 in which intrauterine insemination occurred 20-25 h after the preovulatory LH surge, i.e. around the estimated time of ovulation (Cumming et al, 1971 ), fertili¬ zation was high but egg recovery was only 55% ofthat obtained for the control ewes inseminated by the conventional cervical method. The net effect was that the total number of fertilized eggs recovered was 40% less for the intrauterine-than cervically-inseminated ewes. A difference in yield of embryos in favour of the cervical insemination procedure is not usually the case in that average fertilization rates in excess of 70%, as in Exp. 1, are uncommon in superovulated ewes inseminated by the cervical route (Willadsen, 1979) . Indeed, the low fertilization rate (36%) for the cervicallyinseminated ewes in Exp. 3 proves this point and provides evidence for the unreliability of this insemination method.
The first indication that the beneficial effect of laparoscopie intrauterine insemination in ensur¬ ing a high fertilization rate, while at the same time minimizing its detrimental effects on embryo recovery, could be achieved came in Exp. 2 and was confirmed in a more incisive manner in Exp. 3. In Exp. 2, intrauterine insemination times were chosen so that ewes were inseminated before, dur¬ ing or after ovulation was projected to occur. Although the exact time of ovulation for each ewe is unknown, Walker et al (1986) carried out repeated laparoscopy procedures in ewes subjected to a superovulatory regimen (PMSG + GnRH) similar to those in Exp. 2 and found that all ovulations had occurred by 48 h after pessary withdrawal with a range from first to last ovulation of 3-9 h. Thus the lower egg recovery (23-4%) for ewes intrauterine-inseminated at 36 h compared with 59-2 and 66-7% for 48 and 60 h, respectively, implies that the timing of the laparoscopie procedure interfered with the normal rupturing of the preovulatory follicles and the successful collection of the oocytes by the fimbriated infundibulum. Why this poor recovery rate of oocytes should be accompanied by zero fertilization which is in contrast with the high fertilization rates observed at the 48 and 60 h inseminations is not immediately apparent. Superovulation is known to impair both sperm transport and sperm viability (Hawk et al, 1987) following natural mating or cervical insemination; perhaps the same occurs following intrauterine insemi¬ nation early in the follicular phase of the oestrous cycle.
The timing of intrauterine insemination for maximal fertilization in superovulated ewes has been a matter of conjecture. On the basis of their observation that 60% of ova recovered following intrauterine insemination at 48 h after progestagen withdrawal were fertilized compared with only 31 and 29% for inseminations carried out at 54 and 60 h, respectively concluded that insemination earlier than 48 h may be beneficial. The results of Exp. 2, which were confirmed in Exp. 3, do not support this conclusion; rather they clearly demonstrate that the time range for maximal fertilization is 48-60 h after progestagen withdrawal. Within this time range fertilization rates were generally higher, albeit not significantly so, for those inseminated at 60 h.
Although intrauterine insemination of the ewes in Exp. 2 at 48 h after progestagen withdrawal resulted in high fertility and an increase in ovum recovery relative to 36 h, >40% of ova were still not accounted for. Delay of intrauterine insemination until 60 h marginally improved recovery, suggesting that the later insemination time was desirable in optimizing both ovum recovery and fertilization rates. None the less, 30% of oocytes were still unaccounted for; the most likely reasons for this are their expulsion from the oviducts or accelerated transport through the uterine horn as a result of the physical interference associated with intrauterine insemination. Minimizing this inter¬ ference by inseminating only one rather than both uterine horns in Exp. 3 did not enhance egg recovery. This suggests that the general handling and positioning of the ewe for intrauterine insemi¬ nation and/or the introduction of the laparoscope and insemination pipette under local anaesthesia rather than the degree of uterine manipulation per se interferes with the normal collection and transport of ova into the oviducts. In Exp. 3 this interference reduced egg recovery from 95% to 48% when insemination was carried out at 48 h after progestagen withdrawal but was without effect at 60 h, again confirming the advantages observed in Exp. 2 of delaying the time of intra¬ uterine insemination to 60 h. Irrespective of whether intrauterine inseminations were carried out at 48 or 60 h after progesta¬ gen withdrawal, the results of Exp. 3 prove conclusively that depositing semen in only one uterine horn of ewes superovulated with pig FSH ensures fertilization in the contralateral oviduct. Indeed 100% fertilization was recorded for both the left and right horns of all ewes inseminated in the right horn only. With high mean ( +s.e.m.) ovulations of 11-0 ± 1-80 and 100 + 1-97 for the left and right ovaries respectively of the 9 ewes inseminated unilaterally, the 100% fertilization implies a high efficiency in the migration of semen from the horn that was inseminated to that which was not. In the present study the number of motile spermatozoa deposited in the single horn was high (80 106) and the corresponding 100% fertilization rate contrasts with the 38% and 40% obtained following the intrauterine insemination of FSH-superovulated Merino ewes with 10 106 motile spermatozoa in one or both horns .
Whether one choses to inseminate into one or both uterine horns, from the present set of experiments we strongly advocate the adoption of a delay in insemination time until 60 h after progestagen withdrawal in order to maximize fertilization and ovum recovery rates in super¬ ovulated ewes. Indeed, this same principle of delaying insemination may also apply to non-superovulated ewes in which small (10-15%) depressions in ovum recovery rates following full surgical (Killeen & Moore, 1971 ) and laparoscopie (McKelvey et al, 1985) intrauterine insemination have been noted. Support for this conclusion can be found in the data of Maxwell (1986) and Maxwell et al (1984) which show that for frozen-thawed semen both pregnancy rate and the number of lambs born increased with time of intrauterine insemination over the range 24-72 h after progestagen withdrawal.
A valid criticism of the recommendation from the present experiments to delay insemination time to 60 h in the superovulated ewe is that they do not include the important dimension of embryo viability beyond Day 3 of the oestrous cycle. Using surgical insemination Killeen & Moore (1970) reported that late insemination, 36-48 h after the onset of oestrus, in non-superovulated ewes was associated with abnormal fertilized eggs, with 39% of eggs being polyspermic or contain¬ ing multinucleate blastomeres. Furthermore, the use of PMSG to induce a superovulatory response in sheep has been shown to activate the oocyte prematurely in the follicle, resulting in aged oocytes at ovulation (Moor et al, 1985) . These 'over-ripe' oocytes, when combined with late fertilization, may be a major source of embryonic loss. In this respect pig FSH was shown to be less likely to disrupt the pattern of oocyte development (Moor et al, 1985) and may therefore be the preferred superovulatory treatment in multiple ovulation and embryo transfer. In the present studies, the 8 ewes inseminated into the uterus at 60 h in Exp. 3 each had a random selection of their embryos (2-3 per ewe) returned to the uterus immediately following embryo recovery. Pregnancy and embryo survival rates were 75% and 47%. These results for autotransfers carried out in the nonbreeding season indicate that delaying inseminations to 60 h had no major detrimental effect on embryo survival.
